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We introduce a setup which reahses a tunable engineered environment for experi- 
ments in circuit quantum electrodynamics. We illustrate this concept with the specific 
example of a quantum bit, qubit, in a high-quality-factor cavity which is capacitively 
coupled to another cavity including a resistor. The temperature of the resistor, which 
acts as the dissipative environment, can be controlled in a well defined manner in order 
to provide a hot or cold environment for the qubit, as desired. Furthermore, introduc- 
ing superconducting quantum interference devices (SQUIDs) into the cavity containing 
the resistor, provides control of the coupling strength between this artificial environ- 
ment and the qubit. We demonstrate that our scheme allows us to couple strongly to 
the environment enabling rapid initialization of the system, and by subsequent tuning 
of the magnetic flux of the SQUIDs we may greatly reduce the resistor-qubit coupling, 
allowing the qubit to evolve unhindered. 



The field of circuit quantum electrodynamics^"* (cQED), wherein quantum mechanical cavity modes 
couple to non-linear elements such as two-level quantum systems made of electric circuits, has proven 
to be a very attractive architecture for quantum computing. Indeed, progress has been so impressive 
that recently fabricated superconducting qubits ofi'er coherence times of such length that prototype 
fault-tolerant quantum computing is already beginning to look like a genuine possibility^. Simultane- 
ously, recent advances in nanoscale engineering have opened up the possibility to enter regimes in which 
single photons are the dominant heat carriers in mesoscopic systems""^''. In particular, superconductor- 
insulator-normal-metal (SIN) junctions provide exquisite temperature control and thermometer sen- 
sitivity for small metal islands^^. In Refs. 15 and 16, these two fields were unified with a study of 
the photonic heat conduction between two resistors in a superconducting cavity. We present an ad- 
vancement to these works by demonstrating that bringing together the excellent qubit control of cQED 
with the sophisticated normal-metal components used in SIN thermometry can offer great benefits for 
quantum computing. 

Ensuring correct system initialization is vital for efficient operation of quantum algorithms'^ . For many 
cQED experiments this initialization can be adequately achieved simply by waiting for a sufliciently 
large multiple of the qubits natural lifetime, after which it can be assumed to have de-excited with 
high probability''* . As the limits of cQED are pushed harder and harder by increasingly sophisticated 
techniques, the comparatively slow and imprecise nature of this process is highlighted. Recent works 
suggest several solutions which offer improvements in performance'""^^. In particular, Ref. 22 has 
demonstrated initialization by measurement, a promising route which offers a significant speed advan- 
tage. In its current realization, however, this approach requires multiple imperfect measurements to 
rule out the presence of residual cavity excitations. 

Here we report on a simple and possibly more efficient alternative which may also be employed as 
a complementary measure to further enhance the efliciency of these previously introduced schemes. 
To this end, we present a setup in which a capacitor is used to divide a superconducting coplanar 
transmission line into two coupled cavities. We place a resistor into one of these cavities, and we 
introduce a qubit into the second, which retains a high quality-factor. When the frequencies of 
both the cavities and the qubit are detuned, the cavity housing the qubit is coupled only weakly 
to the resistor. In this case, both the excited state of the qubit and the photonic excitations of 
this cavity are well protected from the artificial resistor environment. The inclusion of one or more 
superconducting quantum interference devices (SQUIDs) into the dissipative cavity, enables us to 
tune the interaction between the two cavities, and thus modify the probability amplitude of the 
photonic excitations at the position of the resistor. In this way, we may independently vary the 
photonic and qubit decay rates over several orders of magnitude. Consequently, it becomes possible to 
switch the environment of the qubit between a high quality-factor regime, essential for protecting the 
qubit during evolution, and a low quality-factor regime, so that the qubit state may be initialized at will. 
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FIG. 1. Schematic and circuit diagrams of the sys- 
tem, (a) A coplanar waveguide cavity which consists of a 
center conductor located between two ground planes. The 
cavity has been modified by adding a resistance R and ca- 
pacitance Cc at positions Xr and Xc, respectively, hi addi- 
tion, one or more SQUIDs, each with an inductance L,/("l>), 
where $ is the magnetic flux penetrating the SQUID loop, 
are positioned into the left cavity. Our approach makes no 
assumptions about the type of qubit, however, for the sake of 
concreteness, we assume a transmon qubit that is capacitively 
coupled to the resonator with a capacitance Cq at Xq. (b) The 
cavity may be represented using an infinite number of capac- 
itors (Co = cdx) and inductors (Lo = idx). The horizontal 
dots represent many sequences of these Lq, Co pairs. It is also 
possible to include series resistors to model the internal losses 
of the superconductor but these are assumed to be negligible 
in our setup. 



Results 

We first revisit work relating to the integration of compo- 
nents within a superconducting coplanar waveguide cavity. 
Our method follows the usual treatment^'^"*, but includes a 
capacitor dividing the cavity into two regions. These regions 
act as the high- and low- quality cavities depending on their 
configuration. 

Modification of cavity modes due to a dividing capac- 
itor. We consider a setup in which we insert at position Xc^ a 
capacitor of capacitance Cc into the central conducting strip 
of a high-quality superconducting coplanar waveguide cavity, 
as shown schematically in Fig. 1. We employ the usual repre- 
sentation of the cavity as a one-dimensional circuit, a model 
into which the capacitor may be conveniently incorporated. 



Our starting point to calculate the photonic modes is the clas- 
sical Lagrangian which may be written in terms of &{x, t), the 
integral of the charge density in the cavity from to a;, as 



L = 



2 [dt 2c[dx 2a 



dx, 



(1) 

where the cavity has a length L, with a capacitance per unit 
length c, and we allow for a position-dependent inductance 
per unit length £{x) of the form 



?L, < a; < Xc, 
Xc < X < L. 



(2) 



We look for solutions to the Euler-Lagrange equation of the 
form 0{x,t) = Xj{x)Tj{t), where the functions Xj{x) 

form an orthonormal basis, J^£{x)XmXndx = Smn- The 
equation takes the form 



c£{x)Xj{x) dx-2 



Ccl{x 



■5{x - Xc) = TFTT^T-iit) = -u. 



TAty 



(3) 



where ujj is a constant, i.e., the eigenfrequency of the 
j'^ mode. Applying the boundary conditions A"j(0) = 
Xj{L) ~ 0, and continuity at Xc leads to the solution 



where /?, 



Aj sin[fcj'x], < X < Xc, 

Aj(3j sin[fc^(a; — L)], Xc < x < L, 



(4) 



sin[A:^Xc]/ sin[A:^-(a;c — L)], k 



L(R) 



LOj yJTh{K)C and Aj is a normalization constant given by 



A, 



[2kfxc ~ sin(2A;^^a;c)] 



^1/2 



(5) 



The normalization ensures that J £{x)Xj{xydx = 1. 

Integrating Eq. (3) over an infinitesimal range around 
Xc provides a condition for the eigenvalues, 

PjUJj \/ ijiC cos ujj \fljic {xc — L) — 

ujjy/iLCCOs (^ojj \/ Ihcx^ — — sin \J Ilcx^ ~ 0, 

(6) 

which can be utilized to obtain the spectrum {wj}, for 
example, numerically. In the limit c/Cc — > oo, Eq. (6) 
gives the solutions a;£ = 



and 



with j = 0, 1, 2 . . . We denote these as the bare cavity fre- 
quencies, describing uncoupled cavities of length Xc, and 
L — Xc, and with inductance per unit length of £l, and 
in, respectively. For finite but still small capacitance Cc, 
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placed close to the center of the cavity, the lowest-energy 
pair of modes have nearly equal energy at the cavity res- 
onance point LOi ~ UJ2, separated only by the cavity inter- 
action energy hAuj''°^ ^ fiw , hui^ . Far away from this 
resonance, the lowest frequencies, cji, and W2, are ap- 
proximately equal to ujf and wj^ such that if ujf ^ 



UJ 



we find uii 
obtain ioi ; 



' and UJ2 
and i02 



> wf, we 



and if 
This is illustrated in 



Fig. 2(b), which shows the frequencies of the two lowest- 
energy modes as a function of uj^. The dependence of 
the spectrum on the cavity parameters is reflected in the 
mode profiles [Fig. 2(a)], in which the amplitude of the 
fundamental mode is predominantly located in the left- 
hand side of the cavity when uj^ ^ wjj. Subsequently 
increasing ujf shifts the mode profile primarily to the 
right-hand side of the cavity, via an intermediate reso- 
nance region in which the amplitude on the left and right 
is comparable. We therefore refer to these modes as left 
and right photon excitations, in order to indicate their 
most probable position in the cavity. This convention is 
well justified away from cavity-cavity resonance. Close 
to the resonance point the distinction between left and 
right is somewhat arbitrary, nevertheless to simplify the 
discussion we maintain this convention. 

We perform the standard quantization of the system, as 
outlined in the Methods section, to find the decomposition 
of tlie operator describing the integral of tire cliarge density. 
The quantization yields 



where 




+ a 



+ a] sm[kf (x - L)] 



< X < Xc, 

Xc < X < L, 

(7) 

and ci](t) and aj{t) are the standard 

bosonic creation and annihilation operators for the j"' photon 
mode in the Heisenberg picture, respectively. Applying the 
same notation, we can also write the cavity Hamiltonian as 

-ffcav = Ej + 1/2)- The current operator, Ij = 

assumes the form 



sin(fcj x), 
sin[fcf ( 



L)] 



< X < Xc, 

Xc < X < L, 



(8) 



and the operator for the voltage in the cavity, Vj — - -g^ , is 
given by 



Vj = 



[a, + a]] cos(fc,^ 



+ a] \ cos[kf{x - L)], 



Q < X < Xc, 
Xc < X < L. 



(9) 



Cavity— Qubit Coupling. We assume that the qubit is 
introduced at the position Xq > Xc, and consider it to be 
a Cooper-pair box with Josephson energy Ej and charging 
energy Ec- Performing the rotating wave approximation'^^ 
yields a cavity-qubit interaction Hamiltonian of the form'^ 



He 



E,- %j(o" aj 



The operators a , and a 



correspond to excitation, and de-excitation of the qubit, re- 
spectively. By employing Eq. (9), we may identify the cou- 
pling strength Qj between the qubit and j"^ cavity mode as 



9j 



cos[fc"(a::9 — L)], 



(10) 
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FIG. 2. Mode profiles and frequency spectrum in the 
divided cavity, (a) The mode profile of the lowest-energy 
cavity mode, calculated using Eq. (4), with a flux through 
the SQUIDs of (i) $ = 0.35$o, (ii) $ = 0.28$o, and (iii) 
$ = 0.14<J>o. (b) The frequencies of the two lowest modes, 
calculated from Eq. (6), as functions of the bare left-cavity 
frequency to give the spectrum in the frequency range around 
the left-right cavity resonance. The first and second modes, 
for the flux values considered in (a) , are marked with squares 
and circles, respectively. For the cavity parameters, we take 
a cavity of length L = 12 mm, and a capacitor positioned 
at Xc ~ 0.45L, with capacitance Cc = 0.5 fF. We introduce 
Us SQUIDs, each with a critical current Ico ~ 0.3 /lA x Us, 
into the left side of the cavity. For the center conductor, 
c = 130 X 10"^^ Fm-\ and we take the inductance per unit 
length of the left cavity region as (a — 3.25 x 10~^ Hm~^, 
resulting in a characteristic impedance Zc := \JIrIc = 50 f2. 
For these parameters, the bare right-cavity frequency has a 
value = 27r X 11.66 GHz, and the interaction frequency is 
Acj"'"" = 0.0012 X a;|. 



when we assume that the qubit is in the charging regime 
Ec ^ Ej, and we operate it at the charge degeneracy point. 
Here Cq is the gate capacitance, and Ce the total capacitance 
of the Cooper pair box. We denote the elementary charge by 
e. In the transmon limit for which Ej ^ Ec, the coupling 
strength becomes'^'' 



Si 



8£c / Cs ft c 



Akf{.Xq-L)\. (11) 



Realizing a Tunable Inductance for the Dissipative 
Cavity. Let us make the qubit-cavity interaction tunable by 
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inserting one or more SQUIDs distributed evenly through- 
out the dissipative cavity. The setup is shown schemati- 
cally in Fig. 1. Each SQUID is modelled as a linear induc- 
tor Z/j($) = $o/(47r/co| cos(7r$/$o)|), ho being the critical 
current of each identical Josephson junction comprising the 
SQUID, $0 = h/2e the flux quantum, and $ the magnetic 
flux through the SQUID. We can thus modify the effective 
inductance of the center conductor of the cavity by varying 
In the following, we show that this can have a large im- 
pact on the eigenfrequencies and mode profiles, which may in 
turn affect the cavity-qubit coupling, the eigenstates of the 
system Hamiltonian, and the transition rates due to the bath 
coupling substantially. In addition to the setup described in 
this paper, we expect that tunability can be obtained by in- 
serting a SQUID array at the end of the cavity connecting 
the center conductor to the ground plane but for simplicity 
we will refrain from discussing this case. 

A simple but effective approximation to account for the 
effect of the SQUIDs on the system is to consider only the 
induced change in the average inductance per unit length in 
the left cavity as 



— \n,Lj{$)+£ix^ 

Xr. I- J 



(12) 



where Us is the number of SQUIDs of equal inductance, and 
£Y is the intrinsic inductance per unit length of the center 
conductor left of the dividing capacitor. In considering only 
the inductance of the SQUIDs, we have neglected its parallel 
capacitance Cj. This is a valid approximation when the sig- 
nal frequency is low compared to the plasma frequency of the 
SQUID, Up := 1/ \/ LjC J . In practice, it is possible to repro- 
ducibly fabricate SQUIDs with ujp higher than 2ti x 70 GHz; 
such values are several times higher than the typical frequen- 
cies considered here. 

Interaction of the Resistor with the Cavity Modes. In 

this section, we incorporate a resistor of resistance R, located 
at Xr < Xc, into our model for the capacitor- modified cavity. 
The average voltage across the resistor vanishes but the volt- 
age noise from the resistor has the Johnson-Nyquist spectral 
density 

5-H = ^^^^. (13) 



1 



-exp(-^) 



with T the temperature of the electrons in the resistor. We 
restrict our analysis only to those systems in which the cou- 
pling between the photonic modes and the resistor is weak. 
This weak coupling criterion is guaranteed provided that 
the resistor is situated where the current mode amplitude 
is small and/or the resistor has sufficiently small magnitude 
in comparison to the cha racter istic impedance of the cavity 
[Rsva?{kfxr) Zc := ^/IrJc]. In this limit we can arrive 
at a relatively simple analytic result for the resistor-cavity 
interaction Hamiltonian by utilizing the procedure described 
in Ref. 15, and reviewed in the Methods section, in which the 
bath couples to the cavity via the voltage fiuctuations across 
the resistor. This results in an interaction term 



Hint = <d{xr) ® 5V, 



(14) 



where 5V is the operator for the voltage fiuctuation over the 
resistor. 

Applying Fermi's golden rule to an interaction Hamilto- 
nian in the form of Eq. (14) yields transition rates between 
the eigenstates of the cavity-qubit Hamiltonian without the 



coupling to the environment. The transition rate from the 
mth eigenstate to the Ith eigenstate is given by 

\{l\e{xr)\m)\\ 

1 m->i ~ JSv(—Uml), (15) 

where ujmi = {Ei — Em)/fi, and Ssvi^j^) is the spectral density 
of the voltage noise given in Eq. (13). 

Resistor-induced transition rates. The total Hamilto- 
nian of the complete cavity-resistor-qubit system, shown in 
Fig. 1, is 



(16) 



We first consider only the cavity and qubit terms, i.e., 
the cavity Hamiltonian //cav = Ylj^j + the 

qubit Hamiltonian, for which we assume the usual form, 
Hq — -^^(Tz, and the cavity-qubit coupling term, Hc-q ~ 
h'^-gj{a^aj + (j~a}-). Here rjz is the Pauli Z-operator, 
which acts non-trivially only on the qubit state. In gen- 
eral, the number of modes required for an accurate descrip- 
tion of the dynamics depends on the effective bath tempera- 
ture. Since we assume low temperatures compared with the 
cavity frequencies, we may consider only the lowest pair of 
modes in our analysis. We therefore take Hcnv ~ tkdL{a]^aL + 
1/2) -I- hLUR{al^aH + 1/2), and Hc-q = %L((T+ai -|- (T"a^) -I- 
hg [i{a^ an + a~ al^) . As above, the subscripts L and 7? denote 
the left and right cavity modes, where ujl = ui, ujr = cj2, if 
the left cavity is tuned below the cavity resonance point, and 
uja — uji, UJL ~ U2, above it. We write the Hamiltonian in 
the basis 7i_l, njj), which is a tensor product of the qubit 
state Ict) (cr = g,e), and the photon number states, {ul), and 
Itih). Here, ul is the population of the mode with frequency 
UJL, and n_R is the population of the mode with frequency ujr. 
Far detuned in the frequency space from either the cavity- 
cavity, or cavity-qubit resonances, we are able to identify 
eigenstates of the cavity-qubit system which are, to good ap- 
proximation, equivalent to the excited states \g, 1, 0), \g, 0, 1), 
and |e,0,0), and hence we refer to these eigenstates as left- 
photon-like, right-photon-like, and qubit-like, respectively. 
Close to cavity-qubit resonance, these photon-like eigenvec- 
tors will have a significant qubit component and vice-versa, 
and hence this correspondence is no longer strictly applicable. 
Nevertheless, studying these eigenvectors still yields much in- 
sight into the dynamics of the system. 

The resistor acts as an environment for the cavity-qubit 
system through the interaction term. Hint = Gl{xr) ® SV. 
We take Hint to be a weak perturbation which stimulates 
transitions between the different eigenstates of the pure sys- 
tem without the environment due to the presence of the 
resistor. The system is linear in the weak coupling limit 
and hence there is no direct interaction between the modes. 
The interaction Hamiltonian therefore remains in the form 
Hint = 0{xr)<SiSV, where 0{xr) = Xi{xr)fi + X2ixr)f2 has 
two components in Eq. (14), one for each mode. We access the 
solution of this system numerically, and calculate the transi- 
tion rates between each of the eigenvectors using Eq. (15). 

Figure 3 shows the transition rates for the qubit-like and 
photon- like eigenstates as functions of ^z,. The behaviour of 
the photon-like transition rates can be explained by referring 
to Fig. 2(a). If the cavities are far detuned from cavity-cavity 
resonance, the eigenstates of Hcnv correspond closely to a pho- 
tonic excitation in either the left or the right of the dividing 
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FIG. 3. Decay rates vs. inductance per unit length of 
the left cavity. Decay rates to the ground state, for a system 
prepared in an initial eigenstate of the cavity-qubit system 
corresponding, away from resonance, to either a qubit excita- 
tion (soUd line) , the excitation of a photon in the right cavity 
(dashed line), or in the left-cavity (dotted line), as functions 
of the average inductance per unit length of the left cavity, 
II- We observe a peak in the decay rate of the right-photon- 
like state at cavity-cavity resonance, and a peak at the left- 
cavity-qubit resonance for the decay rate of the qubit-like 
state. The resistor has an effective temperature T = 10 mK, 
and a resistance of i? = 230 Q.. The angular frequency of the 
qubit is held fixed at 27r x 11.97 GHz. The cavity length is 
L = 12 mm, and includes a capacitor positioned at Xc = i/2, 
with capacitance Cc = 0.5 fF, and cavity interaction energy 
ftAci;''°'' = 27rft X 16.73 MHz. For the center conductor, we 
have c = 130 x 10~^^ Fm~'^ , with a characteristic impedance 
of the right cavity Zc := \/TrJc — 50 O,, resulting in a bare 
right-cavity frequency uj^ — 2-k x 12.82 GHz. We introduce 
Us SQUIDs, each with a critical current Jco = 0.3 nA x Us, 
into the left cavity. 



capacitor, Cc, as evident by the mode amplitudes being pre- 
dominantly on either side. The left-photon-like eigenstates 
always have a large Ig, 1,0) component, and thus high am- 
plitude at the position of the resistor. These left-photon- 
like states therefore decay very quickly. In contrast, for most 
values of £l, the right-photon-like states are approximately 
equivalent to the states |g,0, 1), which have a much smaller 
amplitude at Xr, and thus the right-photon-like states are 
protected from decay. As the cavity-cavity resonance point 
is approached, the right-photon-like eigenstate obtains an in- 
creased amplitude at the resistor and, hence decays rapidly, 
resulting in a peak of several orders of magnitude in the decay 
rate. 

The qubit-like state couples to the resistor only indirectly 
via the cavities. To achieve a strong qubit -photon coupling 
requires a large mode amplitude at the position of the qubit 
in the right cavity, while to achieve a large photon-resistor 
coupling requires a large mode amplitude at the position of 
the resistor in the left cavity. In most frequency regimes, 
it is therefore not possible to simultaneously strongly couple 
the qubit to the mode, and the mode to the resistor. Only 
when the qubit-like eigenstate is in resonance with the left 
cavity, and hence a superposition with a significant Ig, 1,0) 
component, does this eigenstate decay quickly. In Fig. 4, the 
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FIG. 4. Contour plot of the qubit-like decay rate. De- 
cay rate to the ground state, for a system prepared in an 
initial eigenstate of the cavity-qubit system corresponding, 
away from resonance, to a qubit excitation, as a function of 
the frequencies of both the qubit, luq , and bare left cavity, uij^ . 
We plot the logarithm of the decay rates, with darker areas 
representing higher rates. The cavity parameters are other- 
wise identical to those used in Fig. 3. The vertical dashed line 
marks the cross-section covered in Fig. 3. 



decay rate for the qubit-like eigenstate is shown as a func- 
tion of both ojQ, and ujf. The qubit rate behavior shown 
in Fig. 3, can be recovered by taking a vertical slice through 
Fig. 4, and is marked with a dashed line. Furthermore, the 
additional degree of freedom provided by selecting the qubit 
frequency, equivalent to scanning horizontally through Fig. 4, 
gives access to an even wider range of decay rates. Most no- 
tably, around full resonance, ljq — ujf = u)^, qubit lifetimes 
of only a few nanoseconds are predicted. In summary, we can 
move the system to the left-cavity-qubit resonance point and 
quickly reset the state of the qubit, or to the cavity-cavity res- 
onance point in order to reset the photon state. By utilizing 
also the tunability of the qubit, we may bring both cavities 
and the qubit into joint resonance, and rapidly initialise the 
entire system. Alternatively, by detuning both the cavities 
from each other, as well as the qubit, we can simultaneously 
protect both the photon in the right cavity, and the qubit 
from decay. 

In addition to tuning the frequency of the qubit and 
the left cavity, our setup can utilize SIN thermometry, 
which gives us control of the resistor temperature, T. The 
effect of the resistor temperature on the qubit decay can 
be studied if we define an effective qubit temperature^^ 



kn In I 



(17) 



where we assume that the system is in quasi-equilibrium. 
The rates T± refer to the excitation and relaxation rates 
for the qubit, respectively. In calculating Tcff, we may 
phenomenologically account for external noise sources 
by adding intrinsic excitation and relaxation rates r!|_ 
to the rates calculated with Eq. (15), which result from 
the presence of the resistor. In Fig. 5, we show the ef- 
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FIG. 5. Effective qubit temperature vs. resistor tem- 
perature. Effective temperature of the qubit as a function 
of the temperature of the resistor, which may be manipu- 
lated using SIN tunnel junction thermometry. The results 
are shown for bare left-cavity frequencies of = uiq (solid 
line), and tof = 0.75ujq (dashed line). In calculating the to- 
tal excitation and de-excitation rates, we include an intrinsic 
qubit relaxation rate of Fl — 1.0 x 10^ s~^, and excitation 
rate of F^ = 1.7 x 10^ s'^ , to give an intrinsic qubit tempera- 
ture of = 120 mK. The parameters are otherwise identical 
to those used in Fig. 3. 



fective qubit temperature as a function of the resistor 
temperature for two cases of a bare left-cavity frequency 
close to resonance with the qubit, or detuned from the 
qubit frequency. We note that by changing the resistor 
temperature, the effective qubit temperature is almost 
constant in the detuned the qubit is effectively 

decoupled from the artificial environment. If the left cav- 
ity is brought close to resonance with the qubit, where 
the artificial environment couples strongly to the qubit, 
Toff may be decreased drastically. 



providing control over the effective temperature of the 
qubit. 

Our work presents an efficient means to utilize normal- 
metal components within a cQED framework, and is 
likely to inspire further developments in this direction in 
order to expand the toolbox of cQED. Though undoubt- 
edly experimentally challenging, the parameters used in 
our analysis have been selected in line with what is cur- 
rently achievable'^^ , and thus we expect these results to 
be experimentally reproducible. 

Methods 

Quantization of the cavity. We begin by rewriting 
the Lagrangian of Eq. (1) in the form 



dt 



(18) 



where Eq. (3) and the orthonormality of the modes have 
been used. The Hamiltonian is then constructed as the 
Legendre transform of the Lagrangian density, that is 

H = Y,j Tf/2 + wJt7/2 . Promoting tu and T, to op- 



ihS 



results 



erators with the requirement 
in a Hamiltonian which is diagonal in the cavity number 
basis, H = J^j + 1/2], where we defined 



Discussion 




(19) 
(20) 



In summary, we have presented a system in the frame- 
work of circuit quantum electrodynamics for which an 
engineered resistor is able to act as the dominant envi- 
ronment for a qubit. Unlike the natural environment, 
which can have unpredictable effects and may also be a 
source of particularly problematic high-frequency noise, 
we can conveniently control this artificial environment. 
We demonstrate that both the photon and qubit lifetimes 
can separately be tuned over many orders of magnitude. 
This allows for rapid initialization, or essentially unhin- 
dered operation of the cavity-qubit system as desired. 
A similar operating principle was also recently studied 
for a system utilizing coupled LC resonators'^^ comple- 
menting our results. By employing techniques from SIN 
tunnel junction thermometry, we may not only deter- 
mine the temperature of the artificial environment with 
high accuracy, but are also able to control it. With these 
techniques, variations of the resistor temperature over a 
range of several hundred millikclvins are attainablc^'''^''. 



where (t) and aj {t) are the bosonic creation and anni- 
hilation operators of the j*'^ photon mode. 

Resistor— Cavity Coupling. We calculate the interac- 
tion Hamiltonian as the difference in the energy of the 
resistor-cavity system for the instances in which the re- 
sistor does and does not interact with the modified cav- 
ity. The Hamiltonian can be found by integrating the 
energy density in the cavity along its length. In the non- 
interacting situation, this process results in the Hamilto- 
nian Ho = iJcav + Hr = JoicV^ + ^i^) /2 dx + HR, where 
/ is the current operator, and V the voltage operator in 
the cavity, given by Eqs. (8) and (9), respectively. The 
resistor Hamiltonian is Ha, which we may consider to 
describe an infinite bath of harmonic oscillators, though 
the explicit form of Hn will play no role in our analysis. 
For the case in which the resistor and the cavity interact, 
the calculation is marginally more involved. We proceed 
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similarly to the non-interacting setup and write 



H{t) ^Hr + - / (Vcav «) Ires + Icav SVlY dx 

^ Jo 



+ 2 / (V'cav ® Iros + Icav ® (5Vi?)^ da; 



2 / cav ^-^^ 



(21) 



Here <^VL(fl) is the time-dependent resistor-induced shift 
in the voltage on the left (right) side of the resistor. As 
in Ref. 15, the second order terms in SV^ji) as well as 
the fluctuations in the current operator, 61 <^ 6V/R are 
neglected due to the fact that the the fluctuations are 
weak and the resistor is situated close to the end of the 
cavity. Denoting the voltage operator on the left of the 



capacitor by V^*^^ and on the right by V^*^^, 
^int = H{t) — Ho 

c I Vl^" SVl dx - 



Vg"" ® 5Vr dx 



5Vii dx 



(22) 



Performing the integrals we obtain Eq. (14), the weak- 
coupling interaction Hamiltonian 



(23) 



where we have defined the total voltage fluctuation 5V = 
6Vl — SVb, and used the continuity of at Xc- We note, 
by comparison with Ref. 15, that the introduction of the 
capacitor does not affect the functional form of the inter- 
action Hamiltonian. 



* Correspondence and requests for materials should be ad- 
dressed to J.S. (juha.salmilehto@aalto.fi) 
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